Introduction {#S0001}
============

Atherosclerotic cardiovascular disease (ACVD) is the leading cause of death among humans, and its prevention and treatment are all important areas of medical research.[@CIT0001] The pathological features of ACVD are extremely complex, and include endothelial cell injury, lipid infiltration, and the secretion of inflammatory mediators; the sum of which eventually leads to the formation of large numbers of plaques on the walls of large and middle-sized arteries.[@CIT0002],[@CIT0003] Lipid uptake, macrophage foam cell formation, and inflammatory responses are key events needed for the initiation of atherosclerosis.[@CIT0004] Therefore, it is highly important to study biological mechanisms that might inhibit the formation of foam cells and reduce inflammatory reactions that lead to the development and progression of atherosclerosis.

Oxidized low-density lipoproteins (ox-LDLs) are vital pathogenic factors of atherosclerotic lesions. Ox-LDLs are mediated by scavenger receptors, consumed by monocytes/macrophages and smooth muscle cells, and inhibit cholesterol efflux, resulting in large accumulations of cholesterol in foam cells.[@CIT0005] Previous studies have shown that apoptosis of macrophage-derived foam cells occurs in the plaques of most patients with acute coronary syndrome. In addition, foam cell death and lipid infiltration can lead to extracellular lipid expansion and enhance plaque instability.[@CIT0005],[@CIT0006] Therefore, the outcome of foam cells has a significant effect on the development of atherosclerotic plaque and occurrence of complications.[@CIT0007] Moreover, cholesterol efflux is the process by which intracellular-free cholesterol flows out of cells through specific areas of the cell membrane.[@CIT0008] Therefore, promoting cholesterol efflux might be a strategy for delaying the development of atherosclerotic plaque. However, the regulatory mechanism and biological effects of ox-LDL-mediated cholesterol efflux on atherosclerosis have not been fully elucidated.

Recent studies have suggested that endoplasmic reticulum stress (ERS) plays an essential role in inflammatory responses, and is involved in the pathological process of inflammatory diseases.[@CIT0009],[@CIT0010] The ERS downstream pathway inositol-requiring kinase 1 (IRE1) regulates apoptosis via the ASK1-c-terminal kinase (JNK) pathway.[@CIT0011] Therefore, ASK1 is correlated with ERS. NLRP3 inflammatory corpuscles are intracellular protein complexes formed by the nod-like receptor (NLR) family (NLRP3). Those protein complexes can induce the maturation and secretion of pro-inflammatory factors such as IL-1β and IL-18, and thereby promote the occurrence of inflammatory responses.[@CIT0012] NLRP3 inflammatory corpuscles can be activated by a variety of pathogenic microorganisms and risk signals, and participate in the occurrence of numerous human diseases.[@CIT0013],[@CIT0014] There is also evidence that apoptosis signal-regulating kinase 1 (ASK1) is required for NLRP3 inflammasome activation.[@CIT0015] However, it is not clear whether ox-LDL-mediated cholesterol efflux is associated with ERS, ASK1, and NLRP3 inflammatory corpuscles.

Nowadays, the certain mechanism of cholesterol efflux remains unclear. Of the mechanisms that have been described, pathway included ABCA1/ABCG1 was widely studied.[@CIT0016]--[@CIT0019] As far as we know, cholesterol efflux transport relies on some specific proteins, such as ABCA1 and ABCG1, which has been regarded as gatekeeper for mediating tissue cholesterol.[@CIT0020] ABCA1 and ABCG1 present additional activities during enhancing process of reverse cholesterol transport in vivo.[@CIT0021] Mice being knock-out of ABCA1 and ABCG1 have been demonstrated to lack of ability to scavenge macrophage foam cells as results.[@CIT0022] Frambach et al indicate that small molecule pharmacological strategies targeting ABCA1 and ABCG1 can be recommended as a promising option for cardiovascular disease.[@CIT0016] Therefore, we also wondered that whether ABCA1 and ABCG1 can be mediated by endoplasmic reticulum stress response to facilitate cholesterol efflux in endothelial cell.

In this study, we investigated the effects of ox-LDLs on cholesterol efflux, cellular apoptosis, ERS, inflammatory responses, reactive oxygen species (ROS) production, and the proliferation of endothelial cells. In addition, we explored the underlying mechanisms by which ox-LDLs participate in the pathogenesis of atherosclerosis, such as participation by influencing the apoptosis signal-regulating kinase 1 (ASK1) signaling pathway and endoplasmic reticulum (ER) stress. Our study revealed the mechanism by which ox-LDLs promote atherosclerosis development, and suggests potential therapeutic targets for preventing the development and progression of atherosclerosis.

Materials and Methods {#S0002}
=====================

Cell Culture and Treatments {#S0002-S2001}
---------------------------

Human aortic endothelial cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM medium (Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (FBS, Gibco, Waltham, MA, USA), 100 μL penicillin G, 100 mg/L streptomycin, and 100 μg/mL endothelial cell growth factor (ECGF, Sigma, St. Louis, MO, USA) in a 37°C incubator with 5% CO~2~. Human ox-LDL was purchased from Yiyuan Biotechnologies (Cat. No. YB-002, Guangzhou, China), and it was produced by oxidized LDL with Cu2SO4 (oxidant) in PBS at 37°C. Endothelial cells were incubated with ox-LDLs (0--200 mg/L) for 16 hrs prior to receiving any other treatment. Afterwards, the cells were treated for 24 hrs with an ASK1 inhibitor (GS-4997) or an ER inhibitor (4-PBA) at concentrations of 10 µM and 5 mM, respectively.

Detection of Cholesterol Efflux {#S0002-S2002}
-------------------------------

Cholesterol efflux is closely related to the development of atherosclerosis.[@CIT0023] In this study, Cholesterol efflux assays were performed using a commercial kit (BioVision Inc., Milpitas, CA, USA, Cat. K582-100), according to instructions provided by the manufacturer. Briefly, 1 × 10^5^ endothelial cells were seeded into each well of a 96-well plate and incubated for 2 hrs. Next fluorescent-labeled cholesterol was added to each well and incubated for 15 hrs, followed by the addition of ox-LDLs. Next, the supernatants were collected and measured for their fluorescence (Ex/Em = 482/515 nm). Endothelial cells were also collected and lysed. The supernatants of the lysed cells were transferred into a 96-well plate for measurements of their fluorescence (Ex/Em = 482/515 nm). Finally, cholesterol efflux was calculated using the formula below: $$\documentclass[12pt]{minimal}
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Western Blot Assays {#S0002-S2003}
-------------------

The total proteins were extracted from endothelial cells by using RIPA Lysis Buffer (Vazyme, Nanjing, China, FD008) containing PMSF (Solarbio, China, P0100-1.5). The protein concentration in each extract was determined using a BCA Protein Quantification Kit (Vazyme, Nanjing, China, E112-01). Samples of total protein were separated by 10% SDS-PAGE, and the protein bands were transferred onto PVDF membranes (Millipore, Burlington, MA, USA, cat. no. 10083), which were subsequently blocked with 5% skim milk for 2 hrs. Next, the membranes were incubated with primary antibodies at 4°C overnight, followed by incubation with a Goat Anti-Mouse HRP secondary antibody (Vazyme, Nanjing, China, Ab201-01) or Goat Anti-Rabbit HRP secondary antibody (Vazyme, Nanjing, China, Ab203-01) for 1 h at room temperature. The membranes were then treated with reagents in an Enhanced ECL Luminescence Detection Kit (Vazyme, Nanjing, China, E411-04), and the immunostained protein bands were scanned with a FluorChem™ M System. The primary antibodies used in this study included ASK1 (Abcam, Cambridge, UK, ab131506), p-AKS1 (Abcam, ab81283), ABCA1 (Abcam, ab66217), ABCG1 (Abcam, ab201776), NLRP3 (Abcam, ab214185), ASC (Abcam, ab175449), caspase 1 (Abcam, ab1872), IL-1β (Abcam, ab2105), Chop (Abcam, ab10444), p-PERK (Abcam, ab192591), PERK (Abcam, ab65142), GRP78 (Abcam, ab21685), p-IRE-1 (Abcam, ab48187), IRE-1 (Abcam, ab37073), and GAPDH (Abcam, ab125247). GAPDH served as an internal control.

Edu Staining {#S0002-S2004}
------------

Cell proliferation was determined using an Edu staining assay. Briefly, 50 μM EdU solution was prepared by diluting EdU solution (Solarbio Life Sciences, Beijing, China, cat. no. CA1170) with cell culture medium (1:1000). The treated endothelial cells (1 × 10^5^ cells/well) were placed into 24-well plates and incubated with 100 μL of EdU solution (50 μM) for 2 hrs. After washing, the cells were fixed with methyl alcohol for 15 mins and then decolored with 50 μL of glycine (2 mg/mL) for 5 mins. Finally, images were obtained using a fluorescence microscope.

Apoptosis Assay {#S0002-S2005}
---------------

Cell apoptosis was assessed using an Annexin V-FITC/PI Apoptosis Kit (Solarbio Life Sciences, cat. no. CA1020). The treated endothelial cells were collected by centrifugation (1000g, 5 mins). After washing, the cells were suspended in 1× Binding buffer, and 100 μL of cell suspension was mixed with 5 μL of FITC and 5 μL of PI. After incubation for 15 mins in the dark, cell apoptosis was measured using a FACSCalibur flow cytometer (BD, FACSCalibur).

Detection of ROS {#S0002-S2006}
----------------

ROS levels were examined using a Fluorometric Intracellular Ros Kit (CA1410, Solarbio Life Sciences, cat. No CA1410). The treated endothelial cells were labeled with DCFH-DA fluorescent probes (Dilution: 1/1000) for 20 min at 37°C, and then washed three times with serum-free medium. Fluorescence intensity was determined by flow cytometry (BD, FACSCalibur, Becton Dickinson, Franklin Lakes, NJ, USA).

ELISA Assays {#S0002-S2007}
------------

The levels of IL-1β and IL-18 were detected using ELISA kits (Affymetrix, Santa Clara, CA, USA, cat. no. 88-7261-86 and Sigma, cat. no. RAB0543, respectively) according to instructions provided by the manufacturers.

Determination of Lactic Dehydrogenase (LDH) Levels {#S0002-S2008}
--------------------------------------------------

LDH levels were analyzed using a LDH-Cytotoxicity Assay Kit (Thermo Fisher Scientific, cat. no. 88953) according to the manufacturer's instructions.

Statistical Analysis {#S0002-S2009}
--------------------

All data were analyzed using GraphPad Prism Software (Ver. Prism 7), and results are expressed as the mean ± SD. The data were compared by one-way ANOVA, and a *P*-value \< 0.05 was considered statistically to be significant. Each experiment was performed independently in triplicate (N=3).

Results {#S0003}
=======

Effects of Ox-LDLs on Cholesterol Efflux and ABCA1 and ABCG1 Expression in Endothelial Cells {#S0003-S2001}
--------------------------------------------------------------------------------------------

To investigate the influence of ox-LDLs on cholesterol efflux from endothelial cells, the levels of cholesterol efflux were examined in ox-LDL-treated endothelial cells. We found that treatment with a low dose of ox-LDLs induced a significant increase in cholesterol efflux relative to cholesterol efflux in control cells. However, cholesterol efflux became significantly reduced as the dose of ox-LDLs increased ([Figure 1A](#F0001){ref-type="fig"}, *P* \< 0.05), and cells treated with a higher dose of ox-LDLs displayed lower levels of cholesterol efflux when compared to cells treated with a low dose of ox-LDLs ([Figure 1A](#F0001){ref-type="fig"}, *P* \< 0.05). Moreover, the levels of ABCA1 and ABCG1 expression showed a similar tendency, as both proteins were more highly expressed in ox-LDL-treated cells, and their expression levels became downregulated as the ox-LDL concentration increased ([Figure 1B](#F0001){ref-type="fig"}).Figure 1Effects of ox-LDLs on cholesterol efflux and ABCA1/ABCG1 expression in endothelial cells. (**A**) Cholesterol efflux was assessed in low dose (50 mg/L), middle dose (100 mg/L), and high dose (200 mg/L) ox-LDL-treated endothelial cells by using a Cholesterol Efflux Assay Kit. (**B**) Western blot analyses of ABCA1 and ABCG1 expression in ox-LDL-treated endothelial cells. \*\**P* \< 0.01 vs control group; ^\#^*P* \< 0.05, ^\#\#^P \< 0.01 vs LD; ^\$^*P* \< 0.05 vs MD.

Increasing Concentrations of Ox-LDLs Suppressed Endothelial Cell Proliferation, but Induced Apoptosis and ROS Production {#S0003-S2002}
------------------------------------------------------------------------------------------------------------------------

To determine the effects of ox-LDLs on endothelial cell proliferation, apoptosis, and ROS production, groups of endothelial cells were treated with three different concentrations of ox-LDL. EdU staining revealed that ox-LDL-treated cells had lower rates of proliferation than control cells ([Figure 2A](#F0002){ref-type="fig"}). Annexin V FITC/PI double staining showed that ox-LDL significantly increased the apoptosis rate of endothelial cells in a dose-dependent manner ([Figure 2B](#F0002){ref-type="fig"}). In addition, ox-LDL treatment produced a gradual increase in ROS levels in endothelial cells as the ox-LDL concentration increased ([Figure 2C](#F0002){ref-type="fig"}). These data suggest that ox-LDLs inhibited proliferation and promoted apoptosis and ROS production in endothelial cells.Figure 2Ox-LDLs suppressed proliferation and induced apoptosis and ROS production in endothelial cells. Endothelial cells were treated with different concentrations of ox-LDL. (**A**) The effect of ox-LDLs on endothelial cell viability was determined by EdU staining; magnification, ×100. (**B**) Annexin V FITC/PI double staining was used to assess the apoptosis of ox-LDL-treated endothelial cells. (**C**) ROS levels were examined by flow cytometry. \**P* \< 0.05, \*\**P* \< 0.01 vs control group.

Ox-LDLs Upregulated the Expression of ASK1, ERS- and Inflammasome-Related Proteins in a Dose-Dependent Manner in Endothelial Cells {#S0003-S2003}
----------------------------------------------------------------------------------------------------------------------------------

To further confirm the possible regulatory mechanisms of ox-LDLs in endothelial cells, endothelial cells were treated with ox-LDLs, and their levels of apoptosis-related proteins (ASK1 and p-ASK1) were examined by Western blotting. We found that ox-LDLs markedly upregulated p-ASK1 expression in a dose--response manner ([Figure 3A](#F0003){ref-type="fig"}). To further understand the regulatory mechanisms by which ASK1 mediates endothelial cell injuries, we examined the effect of ox-LDLs on ERS and NLRP3 inflammasome signaling. Western blot analyses showed that the levels of chop, p-PERK, GRP78, and p-IRE-1 expression were dramatically upregulated in the ox-LDL treatment groups when compared with their levels in the control group, and there was an obvious dose--effect relationship ([Figure 3B](#F0003){ref-type="fig"}). We next examined the influence of ox-LDLs on inflammasome-associated proteins, and found that the levels of NLRP3, IL-1β, and caspase 1 expression became gradually increased as the ox-LDL concentration increased, while the ASC levels in endothelial cells remained unchanged after ox-LDL treatment ([Figure 3C](#F0003){ref-type="fig"}). Furthermore, ELISA assays revealed that the concentrations of IL-1β and IL-18 in endothelial cells increased as the ox-LDL concentration increased (*P* \< 0.05, [Figure 3D](#F0003){ref-type="fig"}). Finally, we found that ox-LDLs markedly improved the LDH levels in endothelial cells (*P* \< 0.05, [Figure 3E](#F0003){ref-type="fig"}). These results indicated that inflammasome and ERS signaling were enhanced in the ox-LDL-induced endothelial cells. Subsequent experiments were conducted using an ox-LDL concentration of 100 mg/L.Figure 3Ox-LDLs upregulated the expression of ASK1, ERS -and inflammasome-related proteins in a dose-dependent manner. Endothelial cells were treated with different concentrations of ox-LDL. (**A**) ASK1 and p-ASK1 expression were measured by Western blotting (**B**) The expression of ERS-related proteins was examined by Western blotting. (**C**) Western blotting was used to investigate the expression of inflammasome-associated proteins. (**D**) The concentrations of IL-1β and IL-18 were examined by ELISA. (**E**) LDH levels were evaluated using a LDH-Cytotoxicity Assay Kit. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 vs control group.

ASK1 Inhibition Augmented Cholesterol Efflux, Increased Cell Proliferation, and Reduced ROS Production and Cell Apoptosis {#S0003-S2004}
-------------------------------------------------------------------------------------------------------------------------

Because our previous experiments showed that inflammasome and ERS signaling were enhanced in ox-LDL-induced endothelial cells, we treated endothelial cells with an ASK1 inhibitor (GS-4997) to investigate the role played by ASK1 in ox-LDL-induced cholesterol efflux, cell proliferation, apoptosis, and ROS production. We found that GS-4997 further enhanced the cholesterol efflux that was induced by ox-LDLs in endothelial cells (*P* \< 0.05, *P* \< 0.01, [Figure 4A](#F0004){ref-type="fig"}). Moreover, Western blot assays showed that GS-4997 further promoted the upregulation of ABCA1 and ABCG1 expression mediated by ox-LDL treatment in endothelial cells ([Figure 4B](#F0004){ref-type="fig"}).Figure 4ASK1 inhibition increased cholesterol efflux and cell proliferation, and reduced ROS production and cell apoptosis. An ASK1 inhibitor (GS-4997) was used to treat ox-LDL-induced endothelial cells. (**A**) A Cholesterol Efflux Assay Kit was used to analyze the levels of cholesterol efflux. (**B**) ABCA1 and ABCG1 expression were evaluated by Western blotting. (**C**) EdU staining was used to determine the viability of endothelial cells; magnification, ×100. (**D**) Cell apoptosis was determined by Annexin V FITC/PI double staining. (**E**) ROS levels were examined by flow cytometry. \**P* \< 0.05, \*\**P* \< 0.01 vs control group; ^\#^*P* \< 0.05 vs ox-LDL group.

Results of EdU staining showed that the inhibitory effect of ox-LDLs on endothelial cell proliferation could be attenuated by treatment with GS-4997 ([Figure 4C](#F0004){ref-type="fig"}). Moreover, the inductive effect of ox-LDLs on endothelial cell apoptosis could be weakened by GS-4997 treatment (*P* \< 0.01, *P* \< 0.001, [Figure 4D](#F0004){ref-type="fig"}). Furthermore, the promotive effect of ox-LDLs on ROS levels could also be weakened by GS-4997 treatment (*P* \< 0.05, *P* \< 0.001, [Figure 4E](#F0004){ref-type="fig"}). These results indicated that inhibition of ASK1 could enhance cell survival and proliferation, and block ROS production in ox-LDL-induced endothelial cells by promoting cholesterol efflux via upregulation of ABCA1 and ABCG1.

ASK1 Inhibition Attenuated NLRP3 Inflammasome Protein Expression Rather Than ERS-Related Protein Expression in Ox-LDL-Treated Endothelial Cells {#S0003-S2005}
-----------------------------------------------------------------------------------------------------------------------------------------------

We next investigated whether ASK1 regulated the activation of ERS and inflammasomes in ox-LDL-treated endothelial cells. We found that subsequent treatment of ox-LDL-induced endothelial cells with an ASK1 inhibitor (GS-4997) significantly inhibited p-ASK1 expression in those cells ([Figure 5A](#F0005){ref-type="fig"}). An examination of ERS-related proteins showed that ox-LDLs could upregulate chop, p-PERK, GRP78, and p-IRE-1 expression ([Figure 5B](#F0005){ref-type="fig"}), while the expression of ERS-related proteins was not affected by GS-4997 ([Figure 5B](#F0005){ref-type="fig"}, *P* \> 0.05). Furthermore, we also verified that the increases in NLRP3, IL-1β, and caspase 1 expression mediated by ox-LDLs in endothelial cells were obviously inhibited by GS-4997, while ASC expression was unaffected ([Figure 5C](#F0005){ref-type="fig"}). ELISA results also showed that GS-4997 treatment could partially reverse the elevation of IL-1β and IL-18 levels mediated by ox-LDLs in endothelial cells ([Figure 5D](#F0005){ref-type="fig"}). Moreover, the LDH levels in endothelial cells were enhanced by ox-LDLs and inhibited by GS-4997 (*P* \< 0.05, [Figure 5E](#F0005){ref-type="fig"}). These results suggest that ASK1 regulates the activation of inflammasomes in ox-LDL-treated endothelial cells, but not the activation of ERS.Figure 5ASK1 inhibition attenuated the expression of NLRP3 inflammasome-related proteins rather than ERS-related proteins in ox-LDL-treated endothelial cells. Ox-LDL-induced endothelial cells were treated with an ASK1 inhibitor (GS-4997). (**A**) The levels of ASK1 and p-ASK1 expression were examined by Western blotting. (**B**) The expression of ERS-related proteins was investigated by Western blotting. (**C**) Western blot analyses of inflammasome-associated proteins. (**D**) IL-1β and IL-18 levels as detected by ELISA. (**E**) LDH levels as detected using a LDH-Cytotoxicity Assay Kit. \**P* \< 0.05, \*\**P* \< 0.01 vs control group; ^\#^*P* \< 0.05 vs ox-LDL group.

An ERS Inhibitor Enhanced Cholesterol Efflux, Increased Cell Proliferation, and Reduced Cell Apoptosis and ROS Production {#S0003-S2006}
-------------------------------------------------------------------------------------------------------------------------

A 4-PBA inhibitor was used to investigate the effect of ERS in ox-LDL-induced endothelial cells. As shown in [Figure 6A](#F0006){ref-type="fig"} and B, cholesterol efflux and ABCA1/ABCG1 expression were enhanced in ox-LDL-induced endothelial cells after the cells were subsequently treated with 4-PBA. Also, overall cell survival was improved by an increased rate of cell proliferation and a reduced rate of apoptosis ([Figure 6C](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"}). EdU staining results showed that 4-PBA could partially abolish the inhibitory effect of ox-LDLs on endothelial cell proliferation ([Figure 6C](#F0006){ref-type="fig"}). Flow cytometry results showed that the promoting effects of ox-LDLs on endothelial cell apoptosis (*P* \< 0.05, *P* \< 0.01, [Figure 6D](#F0006){ref-type="fig"}) and ROS production (*P* \< 0.05, *P* \< 0.01, [Figure 6E](#F0006){ref-type="fig"}) could be attenuated by 4-PBA. In summary, these results indicated that ERS inhibition could block the effects of ox-LDLs on cell survival and ROS production.Figure 6An ERS inhibitor enhanced cholesterol efflux, increased cell proliferation, and reduced cell apoptosis and ROS production. Endothelial cells were incubated with ox-LDL or 4-PBA. (**A**) Cholesterol efflux was detected using a Cholesterol Efflux Assay Kit. (**B**) Western blot analyses of ABCA1 and ABCG1 levels. (**C**) Cell viability was determined by EdU staining; magnification, ×100. Cell apoptosis (**D**) and (**E**) ROS levels were examined by flow cytometry. \**P* \< 0.05, \*\**P* \< 0.01 vs control group; ^\#^*P* \< 0.05 vs ox-LDL group.

An ERS Inhibitor Weakened the Downstream ASK1/NLRP3 Inflammatory Signaling Pathway in Endothelial Cells {#S0003-S2007}
-------------------------------------------------------------------------------------------------------

In terms of mechanism, we used an ER inhibitor (4-PBA) to treat ox-LDL-induced endothelial cells, and found that the upregulation of p-ASK1 expression induced by ox-LDLs in those cells could be attenuated by 4-PBA ([Figure 7A](#F0007){ref-type="fig"}). In addition, 4-PBA also partially reversed the upregulation of chop, p-PERK, GRP78, and p-IRE-1 levels mediated by ox-LDLs in endothelial cells ([Figure 7B](#F0007){ref-type="fig"}), and attenuated the increases in NLRP3, IL-1β, and caspase 1 expression mediated by ox-LDLs ([Figure 7C](#F0007){ref-type="fig"}). Furthermore, our results suggested that the increases in IL-1β and IL-18 levels mediated by ox-LDLs in endothelial cells could be markedly prevented by 4-PBA (*P* \< 0.05, *P* \< 0.01, [Figure 7D](#F0007){ref-type="fig"}). Moreover, while treatment with ox-LDLs increased the LDH levels in endothelial cells, those increases were attenuated by 4-PBA (*P* \< 0.05, [Figure 7E](#F0007){ref-type="fig"}). These results indicated that the ASK1/inflammasome pathway could be blocked by an ERS inhibitor.Figure 7An ERS inhibitor weakened the downstream ASK1/NLRP3 inflammatory signaling pathway in endothelial cells. Endothelial cells were co-treated with or without an ER inhibitor (4-PBA). (**A**) ASK1 and p-ASK1 expression were measured by Western blotting. (**B**) The levels of ERS-related proteins were detected by Western blotting. (**C**) The levels of inflammasome-associated proteins were analyzed. (**D**) IL-1β and IL-18 levels were measured by ELISA. (**E**) LDH levels were evaluated using a LDH-Cytotoxicity Assay Kit. \**P* \< 0.05, \*\**P* \< 0.01 vs control group; ^\#^*P* \< 0.05 vs ox-LDL group.

Discussion {#S0004}
==========

Atherosclerosis is a chronic inflammatory process that can be initiated by numerous factors, including hyperlipidemia, hypertension, hyperglycemia, hyperuricemia, and obesity, and result in vascular endothelial injury, vascular wall thickening, and changes in vascular elasticity.[@CIT0024],[@CIT0025] Previous studies suggested that several signaling pathways, including signals produced by inflammasomes and endoplasmic reticulum stress are involved in the occurrence and development of atherosclerosis.[@CIT0014],[@CIT0026],[@CIT0027] However, the regulatory mechanism of atherosclerosis is not fully understood. Our present study showed that in endothelial cells, ox-LDLs induced the activation of inflammasomes and endoplasmic reticulum stress via ASK1, resulting in shorter cell survival times and increased ROS production.

Under normal physiological conditions, endothelial cells prevent harmful substances in the blood from damaging vascular smooth muscle cells.[@CIT0028] However, when vascular endothelial cells are exposed to an external stimulus, their structure and function become impaired, leading to large accumulations of lipids in blood vessels and changes in vascular permeability.[@CIT0029] At the same time, these changes promote the proliferation of vascular smooth muscle cells, resulting in thrombus formation and platelet adhesion, and ultimately, the formation of atherosclerotic plaque.[@CIT0030],[@CIT0031] In our study, we used ox-LDL-treated endothelial cells as a model in which to investigate the pathogenesis of atherosclerotic disease, and found that ox-LDLs could inhibit cholesterol efflux, and downregulate ABCA1 and ABCG1 expression in a dose-dependent manner. We also proved that ox-LDLs could suppress endothelial cell proliferation, and induce apoptosis and ROS production. Previous studies have also suggested that ROS play an essential role in the formation of atherosclerotic plaque.[@CIT0032],[@CIT0033] In particular, high concentrations of hydrogen peroxide have been detected at the sites of atherosclerotic endothelial injury. Hydrogen peroxide can stimulate macrophages to express pro-inflammatory cytokines and chemokines that intensify the inflammatory activity of macrophages.[@CIT0034],[@CIT0035] In this study, endothelial cell proliferation was attenuated by ox-LDL at concentration of 50 mg/L. While cell apoptosis and ROS production were also enhanced by ox-LDL significantly. Yang et al found that proliferation of endothelial progenitor cells can be inhibited obviously by ox-LDL at concentration 30--100 mg/L after 12 h exposure.[@CIT0036]--[@CIT0040] However, report also indicates that ox-LDL can enhance cell proliferation in human aortic smooth muscle cells or Endothelial cell at a relatively low concentration.[@CIT0041]--[@CIT0044] This difference might be due to cell performance differs to cell type when expose to ox-LDL. Additionally, Zhu et al suggest that ox-LDL plays dual effect on inflammatory response by triggering LOX-1/PPARγ pathway.[@CIT0045] Our results in this study verified that ox-LDLs can inhibit cholesterol efflux retracement from endothelial cells with ox-LDL concentration increasing.

NLRP3 inflammasomes are protein complexes that contain intracellular receptors (primarily the NOD-like receptor), caspase precursors, and apoptosis-associated speck-like proteins.[@CIT0046] The activation of NLRP3 inflammasomes can induce caspase-1 activation and regulate the processes of its substrates, including interleukin-1β (IL-1β) and interleukin-18 (IL-18), leading to inflammatory responses. Therefore, that mechanism has been regarded as a major mediator of atherosclerosis.[@CIT0026] In recent years, numerous studies have confirmed that NLRP3 inflammasomes can be activated by two abundant components of atherosclerotic plaque (ox-LDLs and crystalline cholesterol).[@CIT0026],[@CIT0047]--[@CIT0049] Hoseini et al reported that high numbers of inflammasomes were present in atherosclerotic plaque and ox-LDL-induced cells in vitro.[@CIT0026] However, the mechanism by which inflammasomes function in atherosclerosis is complex, and involves several signaling pathways, including the JNK-1 and ASK1 pathways.[@CIT0026] In our study, we showed that inflammasomes were activated in ox-LDL-induced endothelial cells, and that activation was characterized by elevated levels of IL-18, IL-1β, and LDH. In this study, we also found that low level of ox-LDL (50 mg/L) increased cholesterol efflux compared to control. While, the inflammasome was also promoted at the same time. This seems to be a conceptual disconnect to the afterwards experiments. The conceptual disconnect might be due to the baseline of content of total cholesterol was higher than control. While, with increasing of ox-LDL concentration, cell function disorder, such as evoked inflammation, endoplasmic reticulum stress response, impairs the normal process of cholesterol efflux. In this study, NLRP3 inflammasome was promoted by concentration of ox-LDL increased (As shown in [Figure 3](#F0003){ref-type="fig"}). Besides, as shown in [Figure 1](#F0001){ref-type="fig"}, cholesterol efflux process was obviously blocked by ox-LDL. Therefore, we suggested that promotion of NLRP3 inflammasome will harm process of cholesterol efflux. This is similar to conclusion by Chen et al.[@CIT0050] According to Chen et al, inhibition of the NLRP3 inflammasome decreases foam cell formation of THP-1 macrophages via suppression of ox-LDL uptake and enhancement of cholesterol efflux. However, report also suggests that Cholesterol accumulation in myeloid cells activates the NLRP3 inflammasome, which enhances neutrophil accumulation and neutrophil extracellular trap formation in atherosclerotic plaques, and promotion of cholesterol efflux suppress inflammasome activation.[@CIT0051] It means that there is a negative correlation between cholesterol efflux and inflammasome activation. In this study, the relationship between them was not included directly. We wish this content will be investigated in the future.

To the best of our knowledge, very few literature reports have mentioned the possible role of ASK1 in atherosclerosis. Liu et al[@CIT0052] found that TNF-α could induce the activation of ASK1 in endothelial cells, and that inhibition of ASK1 could attenuate cytokine signaling.[@CIT0052] Another study suggested ASK1 (apoptosis signal-regulating kinase 1) as an upstream regulator of inflammasome activation,[@CIT0053] and showed that knockdown of ASK1 abrogated IL-1α-driven inflammation in neutrophilic dermatosis. In this study, we showed that ox-LDL induction activated NLRP3 inflammasomes in endothelial cells, and that inhibition of ASK1 reversed the inflammation activation induced by ox-LDL by decreasing NLRP3 and IL-1β expression.

As a member of the mitogen-activated protein kinase (MAPK) family, ASK1 balances and integrates numerous endogenous and exogenous stimulations, making it possible for cells to appropriately respond to different stimuli.[@CIT0054] However, the continuous stimulation of pathogenic factors can cause the persistent abnormal activation of ASK1, leading to tissue and cell damage during the course of disease. Previous research has shown that the ox-LDLs is closely related to ASK1-induced apoptosis.[@CIT0055] Another study demonstrated that phosphorylated ASK1 plays a key role in atherosclerosis development,[@CIT0056] and that an ASK inhibitor (AGI-1067) exerts an anti-inflammatory effect by inhibiting the dissociation of thioredoxin in vascular endothelial cells.[@CIT0057] In addition, another study showed that thioredoxin-1 (Trx-1) could protect macrophages from ox-LDL-induced foam cell formation and apoptosis by interacting with ASK1.[@CIT0058] In our study, we further demonstrated that ox-LDLs decreased cell survival times and activated inflammasomes by upregulating ASK1. In summary, we found that ox-LDLs inhibited endothelial cell proliferation, and accelerated endothelial cell apoptosis and ROS production by regulating ASK1.

While ERS is an adaptive mechanism, sustained or excessive ERS induces apoptosis and tissue damage.[@CIT0059] Studies have shown that various risk factors may independently or in concert participate in the occurrence and development of atherosclerosis via ERS-induced apoptosis.[@CIT0060],[@CIT0061] While studies have confirmed that ox-LDLs can induce ERS,[@CIT0062],[@CIT0063] the mechanism by which ox-LDLs regulate ERS in atherosclerosis remains unclear. In our study, we found the ox-LDLs inhibited cholesterol efflux from endothelial cells, and also promoted apoptosis, ROS production, inflammation, and increased endothelial cell proliferation, which was closely associated with ERS. Studies have suggested that under conditions of ERS, activated IRE1α not only induces protein expression, but also combines with TNF-receptor associated factor 2 (TRAF2) to form a IRE1α-TRAF2 complex, which activates ASK1. Activated ASK1 finally promotes apoptosis via a series of cascade reactions.[@CIT0064],[@CIT0065] Recent studies have also proven that ERS is involved in the activation of NLRP3 inflammasomes[@CIT0066] After activating the unfolded protein response (UPR), ERS can promote the transcription of thioredoxin interaction protein (TXNIP) by binding IRE1α and PERK, and inhibit TXNIP by modulating miRNA-17, thereby regulating TXNIP to induce ROS production and activate NLRP3 inflammasomes.[@CIT0066]--[@CIT0068] Above all, we verified that the ERS/ASK1/NLRP3 inflammasome pathway is involved in the ox-LDL-induced cholesterol efflux that occurs in atherosclerosis.

Conclusions {#S0005}
===========

In this study, we proved that ox-LDLs dramatically injured endothelial cells and activated NLRP3 inflammasomes by upregulating ASK1 expression and inducing ERS in endothelial cells. In addition, our results showed that ox-LDLs inhibited proliferation, and induced apoptosis, ROS production, and inflammatory reactions in endothelial cells via the ERS/ASK1 axis ([Figure 8](#F0008){ref-type="fig"}). Our results suggest some new therapeutic targets for treating atherosclerosis.Figure 8Graphic depiction of the mechanism in this study. Ox-LDLs induced endoplasmic reticulum stress in endothelial cells by activating ASK1 and NLRP3 inflammasomes.
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